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ABSTRACT: Using geostatistics, this study aimed to analyze environmental conditions for wean-
to-finish swines at 3 pm, during the most sensitive phases to thermal stress (growth/ finishing and 
finishing). To this end, dry-bulb temperature, relative humidity, air speed, ammonia and carbon 
dioxide concentrations were measured at 81 equidistant points within the barn. Descriptive statistics 
was used to classify attribute variability, generating mean, median, variation coefficient, asymmetry 
and kurtosis, through the normality of Kolmogorov-Smirnov (KS). For that, it was used Minitab 15 
software. Moreover, semivariograms were used to assess spatial dependence using the GS+ 
software, and through Surfer, spatial distribution maps were designed. Dry-bulb temperature and 
relative humidity showed a more homogeneous distribution whether compared to the other 
attributes. Furthermore, critical points were observed within the facility, with temperatures and low 
humidity, indicating the need for fogging equipment and fans to improve thermal comfort and 
animal welfare. 
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INTRODUCTION 
Brazil is the fourth largest producer and exporter of pork worldwide, rearing pigs under 
intensive feedlot conditions, to optimize production and economic performances (BAPTISTA et al., 
2011). Constant and growing consumer concerns about animal welfare and rearing conditions have 
boosted the search for sustainable social-friendly production systems (SARUBBI et al., 2010).  
In conventional swine rearing systems, animals are housed in separate facilities, according to 
age and type. In contrast, in wean-to-finish systems, animal flow is held within the same facility 
from weaning to slaughter (MEDEIROS et al., 2014). Nevertheless, studies on environmental 
quality, weight gain, sexing, and animal welfare for this system are still scarce. 
Environmental factors (air temperature, relative humidity, air speed, illuminance, radiation, 
among others) have an influence on animal thermoregulation (CAMPOS et al., 2008; AMARAL et 
al., 2011). Yet concentration of gases, primarily ammonia and carbon dioxide, interfere with air 
quality inside animal facilities, since low levels enhance yield and reduce disease risks 
(PANDORFI et al., 2012).  
Unfavorable climatic conditions are limiting to achieve maximum productivity, particularly in 
growing and finishing swines, wherein sensitivity to heat is strengthened, thus using breath as heat 
dissipation mechanism to prevent internal heating (RODRIGUES et al., 2010). Therefore, 
environmental monitoring is critical to making decisions on corrections or adjustments to be made 
in animal husbandry facilities, developing then an effective program to fix each issue raised 
(SALES et al., 2011). In order to understanding the control of the generated environment by facility 
type, micrometeorology and ventilation system, several computational tools can be used (fluid 
mechanics, Fuzzy logic, data mining).  
Geostatistics is one of the tools that enable deepening on the knowledge of the factors 
interfering with the rearing environment, providing the highest accuracy in corrections and 
adjustments of the farming systems (ABREU & ABREU, 2011; CARVALHO et al., 2012). The 
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results can also be interpreted by natural variability that is, making the use of spatial dependence 
modeling for each variable through semivariance. Thus, spatial variability maps could disclose that 
analyzing a single point might be not enough, under- or over-estimating such value (SILVA et al., 
2013; NÄÄS, 2011). Several authors have reported the use of geostatistics in animal husbandry 
(CURI et al., 2014; MEDEIROS et al., 2014; SILVA NETO et al., 2011). Given the above, this 
study aimed to identify different environmental zones within a pig rearing facility of a wean-to-
finish system during growing to finishing and finishing phases, by making use of geostatistics. 
 
MATERIAL AND METHODS 
The experiment was carried out in a commercial swine facility in Joaçaba city, Santa Catarina 
state, from September 2012 to February 2013 (27°10’41” S latitude, 51°30’17” W longitude and 
522 m altitude). Local weather is predominantly humid subtropical, Cfa type as Köppen’s 
classification. A mixed batch of 301 piglets of a commercial lineage (Large White x Agroceres) was 
housed in the barn. Weaning occurred on average at 28 days of age when animals had a mean 
weight of 7.5 kg. Pigs for slaughter were weighing approximately 120 kg. Barn facility had the 
following measures: 9.50 m width, 42.00 m length, and 3.00 m ceiling height with a north-south 
runway. Lateral and ceiling insulations were made with yellow polypropylene drapes, and gable 
roof covered with pottery tiles with 0.60-m eaves. Roof framework was built with pinewood. The 
facility structure was composed of masonry pillars on the outside and wood on the inside. Lawns 
and fruit trees composed the facility surroundings, shading certain areas inside the barn (Figure 1). 
 
 
FIGURE 1. Wean-to-finish facility used in this experiment: (a) Frontal view; (b) Lateral view; (c) 
Stall interior; and (d) Barn interior.  
 
The facility had 12 sow stalls separated by 1.0 m masonry walls of hollow blocks. Each stall 
had a cement floor area of 24.64 m2 (6.40 m x 3.85 m) plus a 0.95 m corridor in the middle of the 
barn. There were also two auxiliary stalls (AS) with walls of 1.00 m in height and floor area of 4.89 
m2 (1.27 m x 3.85 m). 
The stalls were equipped with a semi-automatic feeder, two drinking troughs and one dual 
nipple-type drinkers with height adjustment. The facility ventilation system was the natural type 
with adjustable wall drapes. 
The barn was divided into 81 equidistant points (9 lines x 9 columns) to record environmental 
data above animals (1.50 m from the floor) (TOLON et al., 2010) (Figure 2). Hence, we registered 
(d) 
(b) 
(c) 
(a) 
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data on dry bulb temperature (Tdb), relative humidity (RH), air speed (Sair), besides the 
concentrations of ammonia (NH3) and carbon dioxide (CO2).  
 
 
FIGURE 2. Diagram of the distribution of points to record the environmental variables for 
geostatistical analysis.  
 
Records of Tdb (°C) and Sair (m s
-1) were taken by a hot wire anemometer with reading scale 
for temperature between -18 to 93 °C, and resolution of 0.1 °C, and air speed amplitude from 0 to 
30 m s-1, resolution of 0.01 m s-1 and accuracy of ± 0.015 m s-1. For RH records, a THDL 400 
equipment was used within an amplitude range of 25-95%, and accuracy of ± 5%. The data 
regarding the concentrations of NH3 (ppm) and CO2 (ppm) were gathered by means of an instant 
gas concentration meter. All the data were measured at 9 am, 12 pm and 3 pm to a height of 1.0 
meter from the floor, however, in this paper are only expressed the outcomes taken at 3 pm, since it 
was the most critical time.  
The variability of the attributes was verified based on descriptive statistics of the data 
recorded (Tdb, RH, Sair, CO2 and NH3), The variability of the attributes has been verified based on 
descriptive statistics data recorded, obtaining means, medians, coefficients of variation and the 
normality by Kolmogorov-Smirnov's test, as describe in MEDEIROS et al. (2014). The spatial 
dependence is given by semivariogram fitting (VIEIRA, 2000), based on stationarity of the intrinsic 
hypothesis, which is estimated by [eq. (1)]. 
                                                                                        (1) 
In which, 
N (h) – number of experimental pairs;  
Z(x1) and Z (x1 + h) – observations distant in h (m).  
 
The experimental semivariogram is represented by the graph of semivariance as function of h. 
The coefficients of theoretical model are estimated from a mathematical model fit to the 
semivariance values (nugget effect – C0, m; sill, C0+C1, m; and range, a, m). Spatial dependence 
degree (SDD) of the attributes was assigned by means of the classification proposed by 
CAMBARDELLA et al. (1994), in which strong SDDs are semivariograms with C0 < 25% sill, 
moderate when it is between 25 and 75% and weak for values > 75%.  
Semivariogram examination was made to test spatial dependence presence. Spatial 
distribution mapping was performed with the aid of a software which allowed designing isoline 
maps for regionalized variables of interest (Tdb, ºC; RH, %; Sair, ms
-1; NH3, ppm; CO2, ppm). 
Aiming to facilitate spatial dependence comparisons among the variables under study, the C0 was 
expressed as a percentage of sill (TRANGMAR et al., 1985). 
 
AS 
AS 
Area under 
geostatistical analysis 
Corridor 
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RESULTS AND DISCUSSION 
Table 1 shows descriptive statistics regarding the environmental variables inside the pig 
rearing facility for growing/ finishing (G+F) and finishing (F) phases.  
 
TABLE 1. Descriptive statistics of the environmental data recorded inside the facility for wean-to-
finish pig farming system, during growing/ finishing and finishing phases.  
Variable Phase Minimum Maximum Mean Median CV KS 
Tdb (ºC) 
G+F 28.90 32.50 30.36 30.15 2.81 0.03 
F 31.80 35.70 33.30 33.15 3.19 0.07ns 
RH (%) 
G+F 28.30 42.90 33.97 32.90 11.94 0.01 
F 26.90 33.60 29.32 29.13 3.82 0.15 ns 
Sair (m s
-1) 
G+F 0.00 1.60 0.52 0.35 83.92 0.01 
F 0.10 0.80 0.34 0.35 46.51 0.15 ns 
CO2 (ppm) 
G+F 0.00 350.00 108.80 112.50 80.23 0.03 
F 0.00 250.00 98.92 137.50 67.82 0.01 
NH3 (ppm) 
G+F 0.00 4.00 1.95 2.00 56.47 0.15 ns 
F 0.00 2.00 0.38 0.00 145.00 0.01 
CV= coefficient of variation %, KS= normality of Kolmogorov-Smirnov; ns= non-significant by the Kolmogorov-Smirnov’s test;  
Tdb = dry-bulb temperature; RH = relative humidity; Sair = air speed; CO
2 
= concentration of carbon dioxide; NH
3 
= concentration of 
ammonia; G+F = growing/ finishing; F= finishing. 
 
The recorded Tdb values indicate that pigs were under thermal stress in both phases, hindering 
a maximum performance and animal welfare since they went above the range of 18 to 23 ºC, as well 
as above the critical maximum of 27 ºC (SAMPAIO et al., 2004). It is because Tdb and RH are 
bioclimatic factors play a more important role in animal comfort (CASSUCE et al., 2013). 
Thermal environment encompasses the joint effect of room temperature, solar radiation, air 
humidity and velocity (CORDEIRO et al., 2012); therefore, one can deduce that the natural 
ventilation system used by the farmer is not suitable to maintain temperatures within an appropriate 
range for pig rearing during the production phases analyzed. 
Regarding the RH, it is noteworthy that the average of 33.97% for G+F and 29.32% for F 
were below optimal for comfort zone, which is between 40 to 70%, with levels smaller than the 
minimum considered critical (SAMPAIO et al., 2004). MEDEIROS et al. (2014), studying the 
thermal environment for pigs reared in a wean-to-finish system, at different stock densities and at F 
phase, found a RH value of 40.44% at 3 pm, which is within the bearable range. Therefore, the 
found RH values highlight the evaporative cooling potential of the facility (CARVALHO et al., 
2009), being advisable the installation of nebulizers and fans inside the barn to assist in heat loss.  
When dealing with air quality, certain variables should be spotlighted as air speed and CO2 
and NH3 gas concentrations, because they could display ventilation system effectiveness. This 
system, whether properly set, may enhance thermal comfort for swines, renewing the air, 
controlling gas and odor dissipation, moisture excess, aerosols, heat, and regulating animals’ body 
temperature through convection. Conversely, unless properly operated, this variable may be 
responsible for increasing the levels of some air pollutants such as NH3 and CO2 what would be a 
critical factor (PANDORFI, 2012). The air speed measures within both phases were close to those 
found by SAMPAIO et al., (2006), with averages varying from 0 to 1.0 m s-1. The concentration of 
gases were also within the range recommended as ideal, with maximum of 3,000 and 20 ppm for 
CO2 and NH3, respectively (GLOBALG.A.P., 2012), without harming animal's health.  
The homogeneity analysis of climatic parameters is intended to ensure amenities in the 
environment regarding thermal and air factors, i.e., minimizing hot spots and poor air renewal (dead 
spaces) (BOURNET & BOULARD, 2010). Thus, Table 1 shows, for both phases, that mean and 
median values are close, which states a data symmetrical distribution. 
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Under Kolmogorov-Smirnov testing, all variables recorded inside the facility during F phase 
showed normal distribution. Another evaluation criterion concerns to the coefficient of variation, 
which was rated according to WARRICK & NIELSEN (1980), taking into account low variability 
as <12%, mean variability between 12 and 24%, and high variability >24%. For VANNI (1998), 
CV above 35% indicates a heterogeneous series and, consequently, the average has little 
significance; this happened for air speed and concentrations of NH3 and CO2, as seen in Table 1.  
Accordingly, the Tdb and RH showed low variability in both rearing phases, which indicates 
that the ventilation system and facility conditions were able to maintain a homogeneous 
distribution. In contrast, air speed and the concentrations of NH3 and CO2 showed high variability, 
which is attributed to the wide range of variation between minimum and maximum values, but also, 
because of the natural ventilation system used in the barn.  
Concerning the air speed, MEDEIROS et al. (2014) also reported similar results, stressing 
such high variability as consequence of constant wind changes of magnitude and direction. Stall 
division walls are physical barriers preventing the passage of air, which would potentially affect the 
distribution of variables, mainly the air speed.  
The geostatistics showed that the Tdb, in both phases, and RH, in G+F, were adjusted to a 
gaussian model. Nevertheless, an exponential model was adjusted for RH, in F, and for CO2 and 
NH3 concentrations, in G+F. Yet a spherical model fit was observed for air speed, in both phases, 
and for NH3 and CO2 concentrations in F.  
On analyzing the ratio C0/(C0+C1), we can conclude that both climatic and air variables 
showed a strong spatial dependence. The higher the spatial dependence, the lower the contribution 
of the nugget effect on data variability, consequently, the better the kriging estimates for the 
construction of maps. Table 2 shows the models and parameters estimated by the semivariograms. 
 
TABLE 2. Models and parameters estimated by the experimental semivariograms for the assessed 
environmental variables for wean-to-finish pig farming system, during growing/ 
finishing and finishing phases. 
Variable Phase Model Range SDD R² RSS 
Tdb (ºC) 
G+F Gaussian 10.27 96.87 0.948 4.41e-2 
F Gaussian 36.92 95.97 0.986 0.0206 
RH (%) 
G+F Gaussian 32.99 94.69 0.990 1.23e+1 
F Exponential 10.62 88.76 0.878 0.0486 
Sair (m s
-1) 
G+F Spherical 9.92 98.82 0.723 1.14e-2 
F Spherical 12.92 86.06 0.648 1.76e-4 
CO2 (ppm) 
G+F Exponential 19.83 93.72 0.868 3.20e+6 
F Spherical 9.05 99.82 0.882 3840696 
NH3 (ppm) 
G+F Exponential 27.03 98.87 0.759 1.09e-1 
F Spherical 14.13 96.00 0.975 2.66e-3 
SDD= spatial dependence degree; R2=coefficient of determination; RSS=residue sum of squares; CO2=carbon dioxide concentration; 
NH3= ammonia concentration; G+F = growing/ finishing; F = finishing. 
 
The range is the maximum distance over which the sampling units are not spatially correlated 
any longer; and it can be analyzed through classical statistics (VIEIRA, 2000). The longest range 
was seen for the variable Tdb (36.92 m) in the phase F, while the shortest was for CO2 concentration 
(9.05 m), also in F. All variables showed well-defined sills. The R² values ranged from 0.723 to 
0.990, except for Sair in F, which was below 0.75. Figure 3 displays the kriging map for 
environmental conditions inside the facility for wean-to-finish pig rearing in G+F. 
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FIGURE 3. Kriging maps of environmental variables inside a pig rearing facility in growing/ 
finishing phase: (a) dry bulb temperature; (b) relative humidity; (c) air speed; (d) 
carbon dioxide concentration; and (e) ammonia concentration.  
 
Figure 3 (a) highlights the center right side as the largest thermal discomfort region, and to a 
lesser extent to the left side. This finding might be due to the absence of fruit trees near the outside 
the facility, increasing sunlight incidence and hence the greatest heat gain. A small range of 
temperature near critical point (28 ° C) is highlighted within the lower base of the graph, and 
another area of great extent involving the upper center right and extending to the left side. The other 
regions showed a homogeneous distribution, with an average Tdb of 29.60 °C. It is worth 
mentioning that roof and wall quality were not similar, showing structural failures and lack of 
maintenance, since radiation increases heat gain.  
By Figure 3 (b), it can be seen that RH behaved non-uniformly during phase G+F with critical 
value within a small portion on the right side region, near the center, just as it was for the highest 
Tdb. Therefore, these variables are inversely proportional, a finding that was also emphasized by 
CARVALHO et al. (2012) and MEDEIROS et al. (2014). Moreover, RH remained within limits 
postulated in the literature only in the upper left region, emphasizing existing microclimates within 
this facility; furthermore, factors like air temperature, shadowing, stocking density, water 
consumption and wasting could interfere with this variable. Another point to be considered is time 
of day; BARACHO et al. (2008) found a significant difference in RH within daytime hours, which 
was not checked for seasons, when assessing a pig finishing facility. 
Figure 3 (c) shows the presence of "dead spaces" in which air speed is zero, mainly in F phase 
(Figure 4-c) which had the worst thermal condition observed, not mitigating the thermal feeling 
above optimal, besides of a maximum value of 0.34 m s-1. However, there was greater variability of 
air speed in G+F, with higher values to the center left. Another aggravating factor for ventilation 
system is to be of natural type, favoring unevenness in air renewal; notwithstanding, uneven 
distributions were also found for bioclimatic variables in air conditioning systems (CURI et al., 
2014). 
CO2 was directly proportional to NH3 concentrations and inversely to air speed, as shown in 
Figure 3 (c) and (d). Gaseous emissions are positively related to temperature and ventilation rates 
(PHILIPPE & NICKS, 2015) and, therefore, fans must be installed at strategic positions to assist air 
renovation as well as maintenance of its quality.  
Figure 4 shows to the kriging map of environmental conditions inside a facility for wean-to-
finish pig rearing during F phase. 
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FIGURE 4. Kriging maps of environmental variables inside a pig rearing facility in finishing phase: 
(a) dry bulb temperature; (b) relative humidity; (c) air speed; (d) carbon dioxide 
concentration; and (e) ammonia concentration.  
 
According to Figure 4 (a), milder temperatures are in the bottom, stretching to the central area 
of the barn, and largely than the last analyzed kriging map. Higher temperatures were only observed 
in the upper part. It is noteworthy that the side of the barn that had trees to the outside favored lower 
temperatures once it has minimized heat gain from direct radiation. 
For HR (Figure 4b), it was found the worst environmental quality, and most of the facility 
presented a RH of 26%, indicating again an evaporative cooling potential. Then, installing nebulizer 
lines inside the barn would assist in heat loss and humidity would reach adequate levels. 
The concentration of CO2 was greater than NH3, which perhaps had lower Sair values than 
those shown in Figure 3 (c) and (d), highlighting the importance of a ventilation system to enhance 
air quality. A further factor contributing to the prevalence of CO2 in both rearing phases is CO2 
elimination by animals, which is directly influenced by thermogenesis and respiratory rates, being 
affected by high body weight and temperature (ATAKORA et al., 2011). In turn, NH3 arises from 
microbial decomposition (aerobic and anaerobic) and from excreted nitrogen compounds (feces and 
urine), being its emission rates, in the F phase, five times higher compared to the other categories 
(DÄMMGEN et al., 2013).  
The NH3 concentrations shown in Figure 3 and Figure 4 (e) demonstrate existing relationship 
between this variable and RH. Thus, one can observe that the highest contents of NH3 are linked 
directly to higher RH, as noted by MEDEIROS et al. (2014) in swine facilities. The emission levels 
of both CO2 and NH3 are similar to pigs in the F phase, while the corresponding values for the other 
categories vary more, especially for weaned piglets (PHILIPPE & NICKS, 2015; PHILIPPE et al., 
2011). 
In short, it is important to note that pig farmers still find it difficult to provide a comfortable 
environment to the animals throughout the entire rearing. Currently, the vast majority of facilities 
are open, which makes difficult to control external environmental factors effectively and, the lack of 
internal cooling systems to maintain temperature, humidity and thermal sensation at suitable levels, 
providing the best performance of animal genetics allied to improved nourishment. The season of 
the year has also contributed to thermal stress in which the experiment was conducted, e.g. summer 
in the F phase. 
 
CONCLUSIONS 
Geostatistics enabled the identification of distinct environmental areas inside the pig farming 
facility under a wean-to-finish system, emphasizing the lack of environmental control. By this 
study, the most critical points, such as high temperatures, can be highlighted, emphasizing the need 
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for nebulizer lines and fans. Heat stress could be observed during both analyzed rearing phases, 
however, with a satisfactory air quality level, which was primarily due to the ventilation system. 
Even though it was noted a few "dead spaces", the system was able to maintain levels within 
tolerable bounds.  
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